The spatial distribution and seasonal dynamics of the crustacean zooplankton were studied in the Danube River and in its side arms near Budapest, Hungary. Microcrustaceans were sampled biweekly from October 2006 to November 2007 at eleven sites. Thermocyclops crassus, Moina micrura and Bosmina longirostris added up to 57.6% of the total density. Comparisons of the different water bodies stressed the separation of the eupotamal and parapotamal side arms. Densities in the side arms were one respectively two orders of magnitude higher as compared to the main channel, which was relatively poor in plankton. There were remarkable longitudinal and transversal variations in the abundance of the major zooplankton groups (cladocerans, adult copepods, copepodites, nauplii) and dominant species (t-test, P < 0.05). However, no general pattern was observed, the spatial distribution depended on the examined objects. There were statistically significant seasonal differences in zooplankton abundance (Tukey-test, P < 0.05). Water residence time and water discharge were not found to be related to zooplankton abundance, but water temperature was positively correlated with microcrustacean density.
Introduction
The spatio-temporal dynamics of riverine zooplankton has been investigated regularly, however, the spatial distribution of planktonic crustaceans and the factors regulating zooplankton abundance are often controversial, hence present paper aimed to contribute to our better understanding of potamoplankton communities. The development and spatio-temporal dynamics of potamoplankton have been considered in relation to hydrological factors (e.g., water discharge, water residence time, water temperature) (Pace et al. 1992; Sabri et al. 1993; Castel 1993; Basu & Pick 1996; Kobayashi et al. 1998; Thorp & Mantovani 2005) , biotic interactions (Ietswaart et al. 1999; Thorp & Casper 2003) , chemical factors (Maria-Heleni et al. 2000) , availability of storage zones (Saunders & Lewis 1989; Basu & Pick 1996; Reckendorfer et al. 1999; Schiemer et al. 2001) and damming (Vranovský 1997) .
Although there is no general consensus regarding the most important regulating factor, many authors consider the flow regime as a deciding one. Zooplankton biomass was positively related to water residence time and/or negatively related to water discharge in numerous cases (Saunders & Lewis 1988; Pace et al. 1992 ; Thorp et al. 1994; Basu & Pick 1996; Baranyi et al. 2002) , however, some studies have not supported these findings (Sabri et al. 1993; Castel 1993; Onwudinjo & Egborge 1994) . Water residence time has been demonstrated as a driving force of zooplankton in lakes as well (Obertegger et al. 2007 ).
Generally, microcrustaceans play a secondary role in rivers as compared to rotifers, which is explained by the shorter generation time of Rotatoria (Akopian et al. 2002; Lair 2006) or rotifers are supposed to benefit indirectly from river turbidity because their crustacean competitors and predators are relatively more susceptible to suspended sediments (Thorp & Mantovani 2005) . Crustacean communities are often dominated by small-bodied cladocerans (e.g., bosminids) and juvenile forms (copepodite, nauplii) of copepods (Pourriot et al. 1997; Kobayashi et al. 1998; Reckendorfer et al. 1999; Kim & Joo 2000) . In channelized and regulated rivers, zooplankton production cannot be regarded important, rather the availability of storage zones determines plankton densities. This lentic origin of plankton organisms is well documented in some rivers (Naidenow 1998; Reckendorfer et al. 1999; Schiemer et al. 2001; Zsuga et al. 2004) . The physical interaction of flow regime and river margin morphology determines the availability of inshore storage zones and the rate at which plankton are added to the main channel (Reckendorfer et al. 1999) .
The distribution of zooplankton across a river is irregular in most cases (Naidenow 1971 (Naidenow , 1979 . Although no significant differences can be observed among the streamline and the banks, densities were found to be often higher nearshore (Bothár 1978 (Bothár , 1985 Thorp et al. 1994; Mitsuka & Henry 2002) . In principle, samples taken from the streamline can be regarded as a representative of the river (Gulyás & Forró 1999) .
The section of the Danube River near Budapest has been investigated regularly (Bothár 1978 (Bothár , 1988 Gulyás 1994 Gulyás , 1995 , however, most of the studies were confined to the area of Göd (Bothár 1968 (Bothár , 1972 (Bothár , 1994 (Bothár , 1996 or included only short periods (Ponyi 1962; Gulyás 1997 Gulyás , 2002 .
On the basis of the above-mentioned, we put emphasis on the target variables (water residence time, water discharge, water temperature) when discussing the results. Significant impact of the hydrological regime is expected, that is, increasing residence time favours zooplankton. Thus, densities are expected to decline when water discharge is relatively high. As for the spatial distribution of zooplankton, densities are supposed to vary both along (effect of the capital) and across (streamline vs. river bank) the river.
Present paper aimed to (1) quantify zooplankton densities in the Danube River and in its side arms; (2) measure target environmental variables in order to identify possible factors controlling crustacean density; (3) analyze the spatial patterns of microcrustacean assemblages with special regard to transversal distribution, potential differences between the profiles upstream and downstream Budapest and the differences between water bodies with distinct characters; (4) determine the seasonal dynamics of the crustacean plankton.
In order to achieve these goals, crustacean plankton was studied in the Danube River and in its side arms over 14 months at eleven sampling sites. The research included transversal sampling procedures both in the main arm and in the Ráckeve-Soroksár arm. The spatio-temporal dynamics of zooplankton and its relation to environmental variables were analysed with various statistical methods.
Material and methods

Study sites
The Danube River is the second largest river in Europe and is more than 2,800 km long with a catchment area of 817,000 km 2 . The Hungarian section is 417 km long. The Ráckeve-Soroksár Danube arm is the second largest side arm in the Hungarian section of the Danube River, and is located between rkm 1,642 and 1,586. It is 58 km long from which 11 km belongs to the area of Budapest. It is enclosed by the two estaurine works Kvassay-and Tass sluices, therefore water level is manageable. The current velocity is very low, 0.1-0.3 m s −1 and the water level fluctuation is only between 20-60 cm.
The present study was conducted in the main channel at two profiles upstream and downstream Budapest (Újpest-Békásmegyer, 1657 rkm; Tököl-Százhalombatta, 1623 rkm), in the Ráckeve-Soroksár Danube (RSD) arm by Dunaharaszti (rkm 44.5) and in the side arms of the RSD (Sportsziget and Molnár-sziget side arms) (Fig. 1) . The sampling stations are summarized in Table 1 . The general characteristics of the two profiles in the main channel are similar, but the sampling site of Tököl-Százhalombatta is characterized by gravel banks interrupted occasionally with rip- The arm length is 500 m, the width 20-30 m and the depth is about 1-1.5 m. In the littoral zone, macrovegetation is formed mainly by reed, the siltation is remarkable. The Molnár-sziget side arm (MS) can be regarded as eupotamal. It is situated in the area of Soroksár (Budapest) between rkms 49-51, its length is 2000 m, the width 20-50 m, the depth 0.5-2 m. The Sewage works of south Budapest are located some 200 m upstream from the estuary, which is the greatest source of pollution in the RSD arm and gives a considerable amount of nutrients and wash. Siltation is of great importance, moreover the silt in itself has a high nutrient content. Nevertheless, the extended reeds play an important role in the self-purification process.
The study sites were designated on the basis of our objectives that required different water bodies (main arm, different types of side arms), possibilities for transversal sampling (ferry, bridge), moreover sampling profiles upstream and downstream Budapest.
Sampling and data analysis Samples were collected at biweekly intervals from October 2006 to November 2007 at eleven sampling sites. During the winter period (between December and February) zooplankton was sampled monthly. Samples were taken from the streamline, left side and right side of the main channel and of the Ráckeve-Soroksár side arm (100 L), whereas from the open water in the parapotamal and eupotamal side arms of the Ráckeve-Soroksár Danube (50 L). Samples were taken from the surface water layer and filtered through a plankton net (50 µm mesh size). The material collected was preserved in situ in 4% formaldehyde solution. A total of 302 samples was collected and analysed. In most cases all zooplankton were identified and counted, only the samples characterized with extremely high individual numbers (only in the parapotamal side arm by some of the samples collected in summer) were split into two parts after homogenizing, then one subsample was counted. Nauplii were counted in 5 ml subsamples in special counting chambers after homogenization. For the taxonomic determination of the animals identification keys by Gulyás & Forró (1999 ), Einsle (1993) , Amoros (1984) and Dussart (1969) were used. Copepods and cladocerans were identified to species level, however, copepods belonging to the suborder Harpacticoida and ostracods were only counted.
Water temperature and conductivity were measured, while water discharge and water level data were obtained from the Environmental and Water Research Institute ("VI-TUKI"). Water residence time was calculated with the formula
where R is the residence time at the sampling site (d), A d is watershed area upstream of the sampling site (km 2 ), and Q is river discharge (m 3 s −1 ) (Soballe & Kimmel 1987) . We used the discharge data measured at Budapest (1646.5 rkm).
In order to explore the spatial and temporal patterns, cluster analysis and non-metric multidimensional scaling (NMDS) using the Euclidean distance were performed (with standardized data). The bootstrap method was used to prepare our data for further statistical analyses. The bootstrap samples were analysed using NMDS to identify the similarity of the study sites and seasons. Data of biweekly interval were transformed as monthly average before the analysis. One-way ANOVA and post-hoc tests (LSD-Least Significant Difference, Tukey test) were applied to detect significant differences between seasons and sampling sites, respectively, based on the bootstrap samples. Normality and homogeneity of variance were tested (Normal Probability Plot, Levene's test) before using the methods mentioned above. In case of unequal variances, only the Tukey test was applied. F-and t-tests were applied for some pairwise comparisons (left river bank vs. right river bank, river bank vs. stream line, the Danube vs. the RSD arm, the profile upstream Budapest vs. the profile downstream Budapest). In addition, Shannon diversity t-test was used to compare the diversity of the sampling sites. Linear correlation was used to detect any significant association between the target environmental variables and the zooplankton community. Significant differences were identified at P < 0.05. All data analyses were performed using the PAST program (Hammer et al. 2001) . 
Results
During the study period, water temperature varied between 3.5 and 24
• C in the main channel as well as in the RSD. In the side arms of the RSD it ranged between 3.5 and 26.5
• C. Conductivity increased in the RSD arm, but was the highest in the eupotamal and parapotamal side arms. Water level varied between 93 and 453 cm at Budapest, its fluctuation was negligible (about 30 cm) in the RSD arm, whereas water discharge altered between 1070-3880 m 3 s −1 at Budapest. Water level was the lowest in autumn both in 2006 and 2007, increased in the spring, followed by relatively lower values in the summer with a marked peak in July. However, the highest level was observed in September 2007, which was two times higher than other peaks. Water level fluctuation was in keeping with discharge values. Water residence time ranged between 50-57 days.
Data of hydrological regime and zooplankton abundance are presented in Table 2 . There was a negative relationship between conductivity and water level both upstream and downstream Budapest (r = −0.45, P < 0.05, and r = −0.42, P < 0.05, respectively). Zooplankton density was positively related to water temperature except for the Molnár-sziget side arm (Újpest r = 0.45, P < 0.05; Tököl r = 0.54, P < 0.01; RSD r = 0.44, P < 0.05; SS r = 0.77, P < 0.001). No significant relationship was detected either between zooplankton density and water level or between zooplankton density and water discharge. Also water residence time proved not to be significantly related to zooplankton abundance.
A total of 49 species were detected from which 35 were cladocerans and 14 copepods (Table 3 ). In addition, ostracods and Harpacticoida were also recorded and included in the analysis, but they were not identified to species level. Frequent species included Alona rectangula, Alona quadrangularis, Bosmina longirostris, Chydorus sphaericus, Moina micrura, Acanthocyclops robustus, Eucyclops serrulatus, Thermocyclops crassus. Moina micrura contributed up to 32.7% of the total zooplankton community, while B. longirostris and T. crassus added up to 14.8% and 10.1% of the total density, respectively. Bosmina coregoni, Pseudochydorus globosus, Pleuroxus denticulatus, P. truncatus, Diacyclops bicuspidatus, Paracyclops affinis proved to be rare species in the investigated period. During the survey, the relative contributions of the main taxa to the whole zooplankton community were the undermentioned: Cladocera 52%; Copepoda adult 17%; copepodite 14%; nauplii 16%. In the main channel, the relative contribution to total zooplankton abundance were 20% of cladocera, 18% of adult copepods, 15% of copepodites, and 47% of copepod nauplii. Zooplankton dynamics is presented in Figs 2-6 together with water temperature and residence time (in case of the main channel of the Danube River).
The dendogram of the cluster analysis indicated (Fig. 7) that the parapotamal (SS) and eupotamal (MS) side arms are separated from the other sampling sites. In addition, the sampling site B seemed to form a single group as compared to the other samling sites in the main channel and RSD arm. The RSD arm is not separated entirely since the left bank (DL) proved to be more similar to the sampling sites of the main arm. The NMDS analysis confirmed the above-mentioned findings. The eupotamal side arm of the RSD (MS) was characterized by the dominance of Moina micrura, Chydorus sphaericus, Diaphanosoma mongolianum, Simocephalus vetulus, Eucyclops serrulatus, and Thermocyclops crassus. Dominant species in the SS included T. crassus, M. micrura, B. longirostris, Alona rectangula. In the main channel T. crassus, Acanthocyclops robustus, B. longirostris, A. rectangula, M. micrura, Daphnia cucullata and Harpacticoida were predominant, whereas in the RSD arm T. crassus, E. serrulatus, M. micrura, B. longirostris, C. sphaericus, Leydigia leydigi, Disparalona rostrata, A. rectangula, A. quadrangularis dominated. Looking at the average densities per sampling sites (Table 4 ) three groups can be distinguished. The main Fig. 2 . Abundances of the main zooplankton groups, water temperature and residence time recorded over the study period (sampling profile Újpest-Békásmegyer). Fig. 3 . Abundances of the main zooplankton groups, water temperature and residence time recorded over the study period (sampling profile Tököl-Százhalombatta). channel is characterized by very low abundance, an increase in abundance of one order of magnitude was observed in the RSD arm, whereas the densities in the side arms (MS, SS) are two orders of magnitude higher. However, in the side arm MS, densities of planktonic crustaceans did not differ from the RSD in such a large extent except for one sampling. This sample taken in August was characterized by extrem high individual numbers of M. micrura, but other frequent species peaked by this time as well. Densities in the streamline were generally lower compared to the littoral, but marked deviations occured only in the RSD arm. The spatial distribution of the zooplankton community were analyzed in many aspects, namely we put emphasis both on the longitudinal and transversal distribution in the main channel, additionally the main arm and the RSD arm was also compared. Table 5 shows the results of t-tests for the main taxa. The pairwise comparisons included (1) the profile upstream Budapest vs. the profile downstream Budapest (longitudinal pattern); (2) river bank vs. stream line; (3) left river bank vs. right river bank; (4) the Danube vs. the RSD arm. No general pattern exists, the spatial differences depend on the investigated objects, e. g. in case of longitudinal patterns the three dominant species and adult copepods differ significantly in their abundance between the two profiles (Tököl-Százhalombatta, Újpest-Békásmegyer), whereas copepodites, nauplii and cladocerans do not indicate remarkable longitudinal differences. Significant differences were observed between the river bank and the streamline in case of adult copepod, cladoceran, T. crassus and M. micrura densities. Futhermore, the abundance of adult copepods, nauplii, M. micrura and B. longirostris showed significant differences between the right and the left bank of the Danube River. The RSD arm differed from the main channel regarding adult copepod, copepodite, cladoceran, M. micrura and B. longirostris densities.
One-way ANOVA and Tukey's pairwise comparisons were performed to detect any significance differCrustacean plankton in the Danube River 1191 Fig. 6 . Abundances of the main zooplankton groups and water temperature recorded over the study period (Sport-sziget side arm). ences between the sampling sites. The objects of similarity were the densities of the above-mentioned groups except M. micrura, because its abundance was 0 in the sampling site of TSS. Examining the profile of Dunaharaszti in the RSD arm, only two significant differences can be observed: densities of adult copepods differed between the right bank and streamline (P = 0.004), as well as B. longirostris densities differed between the left and right bank (P = 0.006). SS and MS indicated significant differences from most of the sampling sites, however, SS did not show any significant differences in case of copepodites. The Shannon diversity t-test resulted in the following findings: the sampling sites MS and SS differed significantly from the others in their Shannon diversity, but the B in case of SS. Other significant differences included: DL-DS; DL-T; DL-TSS; DL-S; DL-UBS; DL-B; DS-DR; DS-B. Moreover, DR differed from each sampling sites except DL; U differed from T, TSS, S, UBS and B. Figure 8 shows the temporal pattern of the investigated waters uniformly, based on the bootstrap samples. Only the year of 2007 was taken into consideration and included in the analysis, since for the previos year we have few data. It is conspicuous that samples taken in summer have a larger variation, but form a single group. However, samples taken in spring and autumn are separated from each other and from summer samples as well. Winter samples also form a group, nevertheless, they seem to take place within samples taken in autumn. Adult copepod, copepodite, nauplius and cladoceran densities all showed significant seasonal differences. That is, samples taken in summer differed significantly from samples taken in spring, autumn and winter, however, there were no other differences between seasons based on the findings of the Tukey test.
Winter was characterized by low abundance, even the most abundant taxa were missing (T. crassus, M. micrura, B. longirostris). This population decline was best professed by the side arms. Spring samples did not contain one of the dominant species, namely M. micrura and cladoceran densities were relatively lower as compared to summer and autumn 2007. In summer, adult copepods, cladocerans, T. crassus and M. micrura reached high abundance, whereas the individual numbers of nauplii and copepodites remained lower. Adult copepods occured with relatively lower individual numbers in autumn.
Discussion
Our results did not imply strong relationship between zooplankton density and the hydrological regime, but pointed out the evidence of spatial heterogeneity both between and within the examined water bodies. Although a weak negative relationship was detected between zooplankton density and water discharge and a weak positive relationship was found between crustacean abundance and water residence time, respectively, these relationships were not nearly significant. This suggests that other abiotic and biotic factors may effect crustacean density. The time available for zooplankton to develop was esimated at 50-57 days (an estimate of the time the water has been in the river system) assuming that plankton drifts with the current passively. During this time 5 generations of cladocerans and 1-2 generations of copepods may develop (Naidenow 1998 ). The growth is supposed to depend on the hydrological regime (increased residence time favours zooplankton and zooplankton benefits from low water velocity, respectively). This is not only due to the mechanical effect of the drift, but is connected with the fact, that suspended matters have a negative impact on planktonic crustaceans (Gulyás 2002; Zsuga et al. 2004) . Our results suggest (lack of relationships between zooplankton abundance and water residence time, respectively discharge) that zooplankton production in the main channel is of minor importance which is consistent with the findings of Reckendorfer et al. (1999) . Floodplain areas and adjacent water bodies seem to be rather important sources of plankton biomass (Saunders & Lewis 1989; Naidenow 1998; Schiemer et al. 2001) . However, it is worth mentioning, that the present study is confined only to microcrustacean plankton, and it is well-known that zooplankton communities in rivers are often dominated by rotifers (Gulyás 1995 -Danube River; Burger et al. 2002 -Waikato Thorp et al. 1994 -Ohio River) .
The dominant species that were found in the present study in the main channel (Acanthocyclops robustus, Bosmina longirostris) are consistent with the findings of Bothár (1985 Bothár ( , 1988 Bothár ( , 1994 and Gulyás (1994 Gulyás ( , 1995 , however, the relatively large contributions of Thermocyclops crassus and Harpacticoida are something new. Two thermophyl species, Thermocyclops crassus and M. micrura are reported to become abundant in the Danube River since 1971 (Bothár 1975 ), but they were regarded only as secondary species at Göd (rkm 1669) (Bothár 1985) . Their high densities in the Sport-sziget side arm and Molnár-sziget side arm in summer can be explained by the high water temperature. The first occurrence of Eurytemora velox in the Hungarian section of the main channel was reported in 1992 at rkm 1669 (Bothár 1994) , since then it has been spread in the main arm (Gulyás 1995) as well as in the RSD arm (Just et al. 1998) . Present study confirmed the expansion of this species. In Hungary, Pleuroxus denticulatus has only been reported from the Szigetköz region (Gulyás & Forró 1999) , but has been depected as an invador in the Slovakian floodplain area (Illyová & Némethová 2005) . The dominance of the smallbodied cladoceran Bosmina longirostris, nauplii and copepodites are in keeping with the findings of Gulyás (1994 Gulyás ( , 1995 and Bothár (1978 Bothár ( , 1994 but the relative contribution of copepodites is rather low in this study (it is almost equal to those of adult copepods), nevertheless, Bothár (1978) got to similar results. Generally, planktonic crustacean assemblages in the Danube River are characterized by 30-40% of larvae (Bothár 1975) . Quantitatively, the low individual numbers that were found in the present study are consistent with that of Bothár et al. (1971) and Bothár (1978) at Újpest-Békásmegyer, but not with Gulyás's results (1994) .
The eupotamal and parapotamal side arms of the RSD are separated, the side arm of Szentendre is separated from the other sampling sites as well. This suggests that the side arms have distinct features both qualitatively and quantitatively. There were notable differences in zooplankton abundances between the side arms (SS, MS), the RSD and the main channel. The separation of the sampling site B (side arm of Szentendre) is attributable to several species (Alona intermedia, Graptoleberis testudinaria, Scapholeberis mucronata, Simocephalus vetulus and Mesocyclops leuckarti) that were not recorded in the main channel. Mesocyclops leuckarti was only detected here. Only the relatively high individual numbers of M. micrura involved notable quantitative differences between the main channel and the side arm of Szentendre. The sampling site DR was characterized by the highest Shannon diversity whereas the MS the lowest. These values explain the results of the Shannon diversity t-test. The high diversity of the right bank can be attributable to the macrovegetation (reed). Differences in Shannon diversity exist between the streamline and the banks in the case of the RSD and partly at the profile of Újpest-Békásmegyer, but not at Tököl-Százhalombatta. Generally, the streamline is characterized by appreciably lower values, but it is not true for the profile of Újpest-Békásmegyer. The RSD arm has a more diverse zooplankton community as compared to the Danube River and the parapotamal and eupotamal side arms. Definitely, this is due to the favourable environment of the RSD (low current velocity, macrovegetation, minimal water level fluctuation, self-purification). At the same time, lower velocities contribute to the deposition of a fine, organic sediment, which favours benthic organisms, what is more, light conditions are better as well (Bothár 1980) . The Molnár-sziget side arm is more closed to the Sewage works of South Budapest, thus pollution may influence the community. Although the dominance of some pollution resistant species (e.g., Chydorus sphaericus) seems to support this hypothesis, the extrem high densities of M. micrura indicate that pollution is not intense.
General distribution patterns could not be found regarding zooplankton densities, the spatial differences depended on the examined objects. However, there were several significant differences in the densities of the main taxa both across and along the examined river section. The RSD arm also showed some remarkable differences from the main channel. The distribution of zooplankton across a river is irregular in most cases (Naidenow 1971 (Naidenow , 1979 . Although no significant differences can be observed among the streamline and the banks, densities were found to be often higher nearshore (Bothár 1978 (Bothár , 1985 Thorp et al. 1994; Mitsuka & Henry 2002) . In principle, samples taken from the streamline can be regarded as a representative of the river (Gulyás & Forró 1999) . Our results supported these findings to some extent. In conclusion, spatial patterns of zooplankton assemblages should be evaluated considering taxonomic aspects, habitat types, hydrological conditions, human impacts. The authors stress the importance of side arms as source of planktonic crustaceans both in qualitative and quantitative points of view.
